The problem of bursts and leakages in water distribution systems has received significantly increased attention over the past two decades. As they represent both an environmental and an economical issue, how to reduce water loss through bursts and leakages is a challenging task for water utilities.
INTRODUCTION
The problem of bursts and leakages in water distribution systems has received significantly increased attention over the past two decades. Bursts and leaks not only cause economic losses to the water industry but also represent an environmental issue and a potential risk to public health with regard to contaminated water (Puust et al. ) . The amount of leaked water varies widely between different countries. In China, about 6 billion m 3 water are lost due to bursts and leaks each year.
To prevent water loss and improve water use efficiency, more effective methodologies of bursts/leaks control are required. Although there are a variety of methods to solve the problem of detecting and locating bursts/leaks, they can be broadly divided into two main categories (Sima et al. ) , one based on hardware, and the other based on software.
There are a large group of methods using highly specialized hardware equipment, such as leak noise correlators, leak noise loggers, gas injection, ground penetrating radar and infrared photography. Despite the advantage of accuracy in bursts/leaks detection and location, they also have some drawbacks. For example, they are expensive, labor-intensive, slow to run, and may also require the cessation of pipeline operations for long periods of time (Romano et al. ) .
Therefore, researchers have been focusing more on finding faster techniques based on software that cost less to run.
Techniques based on fluid transients for burst/leak detection have gained popularity over the last decade, for example, inverse transient analysis, time domain analysis and frequency domain analysis (FDA). Using these techniques, a massive amount of data can be gathered in a very short period of time, therefore ensuring that the inverse problem will always be over-determined. However, they often require a significantly larger number of such sensors in the pipeline network that leads to high costs. In addition, methods based on transients are mainly used on single, above-ground pipelines, for it is hard to follow underground pipes of the system's architecture.
With the latest developments of hydraulic sensor technology and on-line data acquisition systems, techniques that use artificial intelligence (AI) tools and statistical data analysis tools are emerging, including artificial neural networks, Bayesian inference systems, the Golden section method and adaptive Kalman filtering (Ye & Fenner ) .
They are different from transient analysis in that they only require pressure or flow data sampled at a much lower frequency. In addition, for the AI-based techniques, there is still room for improvement in terms of pinpointing bursts/ leaks, as no information about its precise location is given when a burst/leak is discovered in a particular area.
In the rest of this paper, hardware-based and softwarebased methods are described, followed by the main conclusions and recommendations for future work.
HARDWARE-BASED METHODS
This type of approach for detecting the position of pipe bursts/leaks is usually associated with hardware devices.
According to the theoretical principles that apply to the hardware device, these methods can be divided into acoustic and non-acoustic detection methods.
Acoustic detection methods
Specifically, the current broadly used acoustic methods include listening rods, leak correlators and leak noise loggers (Mutikanga et al. ) . Such methods are mainly based on the features or principle of sound for detection.
Listening rod
The basic acoustic instrument is the listening rods, which is a cheap and useful tool. Its shape is like a probe, and the tail is equipped with a spherical object that can fit closely with the ears of metal rods; it can accurately determine problem areas by using the principle of conduction. By being in contact with the surface of the detection equipment, the listening rod can detect a variety of faint sounds which human ears cannot hear due to air isolation or outside interference when the equipment is in operation. It is like a doctor's stethoscope, through contact with the human body, the doctor will be able to listen carefully to the sound of the heart beating, or the sound of breathing. The listening rod is simple, but to accurately determine where the problem lies will usually depend on the user's experience and overall capability.
Other available instruments, such as the electronic listening rod and listening devices, use the same working principle as the listening rod; however, due to great progress in the electronic zoom function, the detection accuracy of these devices is significantly improved.
Leak correlator
The leak correlator is a product of third-generation technology. It is also the world's most widely used advanced technology to accurately determine the location of a leak (Thornton ), especially in noisy places, deeply buried pipelines or regions that are inappropriate for the ground listening method. With a leak-related instrument, we can quickly and accurately detect the exact location of underground pipe leakage. The method is different from the listening rod, because it is based on the noise velocity rather than the noise level caused by leakage. It calculates the leakage point by collecting data from both ends of the leaking pipeline, including the distance between the two sensors, the time difference between the two sensors when the sound reaches them, and the sound propagation velocity in the pipe, and performs relevant calculations with these data.
The leak-related instrument is an effective detection method for long distance pipelines (Hunaidi et al. ) , the sensitivity is slightly higher than the average, and the operator's skill level requirements are relatively low. However, there are a number of difficulties in trying to determine the position of leaks in plastic pipes (Muggleton & Brennan ) .
Leak noise loggers
Leak noise loggers (Shimanskiy et al. ; Muggleton et al.
) generally consist of several data loggers and a controller of all the acoustic receivers installed in the water distribution system. When the computer equipped with special software for data loggers is programed, the recorder is put at different locations on the pipe network, such as hydrants, valves and other exposed piping. The recorder is then automatically turned on at the default time to record the acoustic signal throughout the leaking pipes. The signals are digitized and automatically stored in the logger, then processed through special software on the computer to quickly detect the existence of leakage. The basis on which leaks are distinguished is that each leakage point will produce a continuous leakage sound, which determines the presence of leaks near the recorder according to the degree of intensity and frequency the noise logger records.
Computer software will identify this automatically and make a two-dimensional or three-dimensional map of leakage points. Such methods are typically used for nondistrict meter area (DMA) trunk pipe leaks. Compared with the listening rod, this method is generally done automatically by the computer system, with fewer requirements for professional experience.
In general, acoustic detection methods work well for medium and large metal pipe leakage detection. But tests showed that they cannot accurately detect small pipe leakage, especially in the case of large diameter, non-metallic trunk pipes. Because the leakage sound in large pipes is usually at a low frequency, the detection equipment cannot distinguish it. In addition, the success of acoustic detection methods for plastic pipe leakage is not significant, because non-metallic pipe leakage sound is also mostly at the low frequency that leak detectors or hydrophones cannot accurately identify.
Non-acoustic detection methods
Being different from the acoustic detection method, the nonacoustic detection method is unaffected by those factors described above; therefore, the non-acoustic detection method has a wider application than the acoustic detection method. Specifically, the current non-acoustic detection methods include gas injection, ground penetrating radar detection technology, thermal infrared imaging, radioactive tracers leak detection, etc. Here the authors mainly discuss the gas injection method, ground penetrating radar detection technology and the thermal infrared imaging method.
Gas injection
By injecting industrial hydrogen (95%N 2 , 5% hydrogen) into the pipe and detecting the gas with a ground detector that is sensitive to industrial hydrogen, then the location of pipeline leakage can be determined according to the location of the gas detected (Figure 1) . Hydrogen is the lightest gas and it has an important characteristic in that it can flow through very small surface cracks. As the gas detector is very sensitive to a very small amount of this gas, a very small leak can be detected using this method (Hunaidi et al. ) . At present, such methods have been widely applied using machine detection; however, because of the high cost, this technique is generally used for large-scale low-pressure non-metallic pipe leakage detection. In addition, the technology has a major drawback in that only leakage above the pipeline can be detected using this method, for the gas cannot overflow from the bottom of the pipe.
Ground penetrating radar
Ground penetrating radar (GPR) (Hunaidi ) inspection is a non-destructive and non-invasive geophysical method that produces a continuous cross-sectional profile or record of subsurface features. In recent years, it has been given a lot of attention. Using this technique, the equipment is not required to be inserted into the internal pipe. Ground penetrating radar technology works by transmitting highfrequency electromagnetic waves underground using Figure 1 | In the gas injection method, a portable gas sensor is used to detect non-toxic gas as it escapes through leaks in the pipe and rises through the surrounding soil to the ground surface (Hunaidi et al. 2000) . 
Thermal infrared imaging
The principle of a thermal infrared (IR) camera (Mohamed & Osama ) is based on thermal infrared imaging. When it receives and displays the emitted IR radiation from an object, the infrared energy can be right on the focal plane of infrared detectors, then it can be converted into electricity through photoelectric conversion. Through a sequence of signal processing, the viewfinder of the thermal camera can
get the thermal image of tested equipment and detect thermal contrasts, as is shown in Figure 3 (a), and a case study is shown in Figure 3 (b). A thermal infrared camera has many positive characteristics, such as high efficiency, accurate judgment, intuitive images, safe and reliable, detection without contact, immunity to electromagnetic interference, long detection distance and high speed, and is independent of pipe material type and size. However, it also has some drawbacks, for example, it is affected by many factors such as weather conditions, soil, and pavement surface conditions.
Hardware-based methods -conclusions
The various methods that are based on the hardware devices described above are currently used to detect leaks. With the Figure 3 | Thermography techniques detect thermal infrared radiation and display it as visible images (a) (Mohamed & Osama 2010) . This thermographic survey (on the right) was conducted with the camera system focused directly on the ground surface above a simulated leak (b) (Hunaidi et al. 2000) .
development of technology, the accuracy of such methods will be increasingly high. They are often accompanied by high costs, as relatively expensive equipment and a large number of leak detection staff are necessary for these methods. For a limited detection range and the required equipment installation, using such methods is generally more time-consuming, especially for large pipe networks.
The effective range, advantages and disadvantages of the above methods are listed in Tables 1 and 2 .
SOFTWARE-BASED METHODS
It can be seen from Tables 1 and 2 that many shortcomings exist in these methods based on hardware. The detection range is limited, and leaks cannot be detected in a timely fashion for large pipe networks, besides which the operating cost is usually high. Although the accuracy of hardware methods is high, the timeliness and sensitivity is low. Consequently, much research has been focused on finding faster techniques that cost less to run. Software-based methods typically rely on an algorithm or some kind of model for leakage detection. As such methods rely on additional information (like pipe network pressure, flow data) rather than on the leakage noise information, they run well on any type of pipes.
Compared with hardware-based methods, software-based methods do not aim to accurately locate the definite leakage point, but to minimize possible leakage areas to the minimum level. Thus, the efficiency of the leakage detection is improved.
Software-based methods can be roughly divided into Kang & Lansey () proposed a novel pipe burst detection method combined with a limit analysis method. In this method, the pipe burst simulation is to add the node with a certain diffusion coefficient diffuser. The specific steps are divided into the following three parts. First, identify system pressure and flow uncertainty using the limit analysis method, then per- 
where: Nx, the location number of the pressure monitoring point; Nt, step interval numbering; SSE, the summation of mean square error between field pressure data and simulated transient pressure data; p ij Ã, pressure data at pressure monitoring point i with time step j; p ij , pressure analog data at pressure monitoring point i with time step j. Experimental results show that the method has a certain rationality and feasibility. The main advantage of ITA lies in its simplicity and that it can be applied to any network topology in theory. However, it should be noted that there is some difficulty in making this type of approach practical. To sum up, categories and characteristics of leakage detection technology are shown in Table 5 . This case study did not mention the location precision but gave the accuracy of leakage discharge estimation. works. To obtain a reasonable prediction, it is not difficult to find that using artificial neural networks to detect leakage usually requires a lot of historical data (usually several months of data) to train the neural network, and the neural network needs updating every month. Therefore, the efficiency of these methods is usually lower. Also, the methods are not able to detect leakage quickly because the training time is usually relatively long, and that often leads to alarm delay. 
CONCLUSIONS AND RECOMMENDATIONS
Burst/leakage detection and location methods have come a long way since the mid-1950s, and significant advances have been made in the past in both hardware-based and softwarebased techniques. According to the review presented here, conclusions and future work recommendations are made as follows.
The hardware-based methods are still superior in terms of detection accuracy; however, they also remain much more expensive to use than the software-based methods.
With regard to timely detection and location, the softwarebased methods are much better.
To sum up, each method has its own advantages and drawbacks. In the hardware-based methods, both the leak correlator and the thermal infrared imaging method are most promising, because they have high accuracy and a wide detection range. While in the software-based methods, the AI methods are quite promising due to the development of hydro-sensor technology and real-time online data monitoring systems.
Finally, developing ways of combining hardware-based methods with software-based methods effectively is the trend for future pipe burst and leakage research, that is to say, developing a compound method (e.g. using softwarebased methods to minimize the possible leakage area first, and then using hardware to pinpoint the location of leakage) which enables the water company personnel to react more quickly with lower cost in the case of burst/leak events.
Although not exhaustive, this review could be a valuable reference resource for practitioners and researchers dealing with water loss management in distribution systems.
